An elicitor-inducible sesquiterpene cyclase, which catalyzes the conversion of farnesyl diphosphate to 5-epi-aristolochene (IM Whitehead, DR Threlfall, DF Ewing [1989] Phytochemistry 28:775-779) and representing a committed step in the phytoalexin biosynthetic pathway in tobacco, was purified by a combination of hydrophobic interaction, anion exchange, hydroxylapatite, and chromatofocusing chromatography. From 2 kilograms of elicited tobacco (Nicotiana tabacum) cells, approximately 500 micrograms of cyclase protein was purified, representing greater than a 130-fold increase in the specific activity of the enzyme and a 4% recovery of the starting activity. The purified enzyme resolved as two major polypeptides of 60 and 62 kilodaltons by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Biochemical characterization of the enzyme activity included an absolute requirement for magnesium, an isoelectric point of 4.5 to 4.9, and a Km for famesyl diphosphate of 2 to 5 micromolar. The purified cyclase protein was used to generate mouse polyclonal antibodies which efficiently inhibited cyclase activity in an in vitro assay. Electrophoresis of extracts from elicitor-treated cells or purified cyclase enzyme on native polyacrylamide gels separated the cyclase enzyme into four polypeptides as shown by immunoblot analysis using poly-and monoclonal antibodies. Proportionate cyclase enzyme activity comigrated with those polypeptides. No cyclase polypeptides were detectable in extracts of control cells by immunoblot analysis. However, immunoblot analysis of proteins from elicitor-treated cells using four independent monoclonal antibody lines and the polyclonal antibodies detected the same polypeptides, regardless of whether the proteins were separated by native or SDS-PAGE. The results suggest an induction of multiple cyclase polypeptides in elicitortreated cells resulting from either the expression of multiple genes or multiple post-translational processing events.
such as the growth regulator abscisic acid (32) , specific functions for sesquiterpenoids are largely unknown. Nonetheless, sesquiterpenoids have been implicated as both positive and negative mediators of plant-plant (15) , plant-insect (23) , and plant-microbe (15, 27) interactions. Of particular interest for the current work, the accumulation of species-specific, antimicrobial, bicyclic sesquiterpenoids has been demonstrated for pathogen-or elicitor-challenged plants (2, 17, 27, 33) and cell cultures (4, 5, 9, 34) within the Solanaceae.
Despite the prevalence and likely physiological importance of sesquiterpenoids, our understanding of the sesquiterpenoid biosynthetic pathway and its regulation is still rudimentary. Previous work by ourselves (9, 31) and others (26, 28) related the accumulation of sesquiterpenoids with the induction of 3-hydroxy-3-methylglutaryl CoA reductase, HMGR,3 a key regulatory step for isoprenoid metabolism in mammals (8) . For example, addition offungal cell wall fragments to tobacco cell suspension cultures resulted in the de novo synthesis and accumulation ofextracellular sesquiterpenoids, including capsidiol (9) . A transient induction of HMGR activity in the elicitor-treated cell cultures was also reported to coincide with changes in the in vivo synthesis rate of the sesquiterpenoids. Yet, several observations, including the presence of HMGR activity in control cell cultures without detectable levels of sesquiterpenoids, suggested that regulation distal to HMGR must also be occurring.
A putative branch point for isoprenoid metabolism is situated at farnesyl diphosphate, FPP. FPP can be committed to sterol biosynthesis by the enzyme squalene synthetase, or it can be utilized by stereospecific prenyltransferases for the synthesis of other polyprenols including dolichols and ubiquinone (25) . Alternatively, FPP can be diverted to sesquiterpenoid biosynthesis by unique enzymes known as sesquiterpene cyclases (6) . Sesquiterpene cyclases from fungi have been purified and characterized (7, 18, 19) . Until recently, work on plant sesquiterpene cyclases had been limited to detection of enzyme activities (10, 11) . However, Dehal and Croteau (13) recently reported the partial purification of two sesquiterpene cyclases from sage.
The induction of a sesquiterpene cyclase, 5-epi-aristoloch-cultures has also been described (30, 31) . This cyclase enzyme activity was not detectable in control cell cultures but was induced to a maximum within 12 h of elicitor addition. To determine if these changes in enzyme activity were correlated with absolute changes in the amount of cyclase polypeptide, the present work was undertaken to purify the tobacco sesquiterpene cyclase, to generate antibodies capable of recognizing the cyclase polypeptide, and to measure the cyclase protein levels in control and elicitor-treated tobacco cells by immunodetection techniques.
MATERIALS AND METHODS

Cell Cultures and Elicitor Treatment
Cell suspension cultures of Nicotiana tabacum were maintained in Murashige-Skoog medium as previously described (9) , and cultures in their rapid phase of growth, 3 MgC92, and 5 mM mercaptoethanol. The homogenate was filtered through three layers of Miracloth and the filtrate spun for 60 min at 13,000g. Ammonium sulfate was slowly added to 35% saturation to the stirring supernatant. After the solution was stirred for an additional 30 min, it was centrifuged for 15 min at 1 3,000g and the pellet discarded. The supernatant was adjusted to 65% of saturation with ammonium sulfate, and the precipitated proteins, which included all of the cyclase activity, were pelleted by centrifugation as above.
The pellet was redissolved in 80 mL buffer A (10 mM Tris/ HCI [pH 7.5], 15 mM MgCl2, 5% glycerol, and 5 mM p-mercaptoethanol), adjusted to 0.8 M ammonium sulfate, and loaded onto a phenyl-sepharose column (2.1 x 23 cm) equilibrated in buffer A containing 0.8 M ammonium sulfate. The bound proteins were eluted with a 1 L ammonium sulfate gradient (0.8-0 M in buffer A). The fractions containing the highest cyclase activity were collected, dialyzed twice for 2 h against 5 to 10 volumes of buffer A, and loaded immediately onto a DEAE Sepharose column (2.4 x 11 cm) equilibrated in buffer A. A 200-mL gradient of 0 to 0.4 M KCI in buffer A was used to elute the proteins. The fractions with cyclase activity were pooled and subjected to hydroxylapatite chromatography. The column (1.5 x 7.5 cm) was equilibrated in 10 mm potassium phosphate buffer (pH 7), 10 mM f,-mercaptoethanol. Fractions containing cyclase activity were pooled, concentrated to 3 to 5 mL, and adjusted to 5 mm Tris/HCl (pH 6), 10 mM MgCl2, 10 mm f3-mercaptoethanol by ultrafiltration (YM 30 diaflo membrane, Amicon). The sample was then applied to a chromatofocusing column of PBE 94 (1.0 x 38 cm) equilibrated with 25 mm piperazine/HCI (pH 5.2), and 10 mM MgCl2. After the sample, 3 mL of equilibration buffer was applied to the column before eluting the proteins with 300 mL of 10% polybuffer 74 (pH 4.1), 10 mM MgC12, and 10 mm f-mercaptoethanol. The fractions were adjusted immediately to 0.2 M Tris/HCl (pH 7.0). Those fractions with the highest cyclase activity were pooled, concentrated, adjusted to buffer A by ultrafiltration as before, and stored at -800C.
Mol Wt Determination
The mol wt of a partially purified cyclase preparation was determined by exclusion chromatography on Sephadex G-100 in buffer A. The column (2 x 90 cm) was calibrated with standards from Bio-Rad (Richmond, CA) according to the manufacturer's recommendations.
Gel Electrophoresis and Immunoblotting SDS-PAGE was according to Laemmli (20) in 12% (w/v) acrylamide gels, except Bis was substituted with acrylamide according to the manufacturer (FMC, Rockland, ME). Nondenaturing 8 to 12% acrylamide/Bis (w/v) gradient gels were prepared similarly, except without SDS. To detect sesquiterpene cyclase activity in the gels, 0.5 to 2 ,ug of purified cyclase or 100 ,ug protein from 12 h cellulase-treated cells were loaded per lane. Proteins separated by SDS-PAGE or native PAGE were transferred to nitrocellulose as described by Towbin and Gordon (29) . After blocking with 5% low fat milk in TBS (20 mM Tris/HCl [pH 7.5], 500 mm NaCl), the blots were incu-bated overnight with blocking solution containing 1 ( 16) . The supernatants of growing clones were tested for the production of mAB reactive to the cyclase polypeptide by immunoblot analysis. Positively identified clones were subjected to limited dilutions, retested, and used for ascites production.
RESULTS AND DISCUSSION
Purification and Biochemical Properties A summary of the protocol used in the purification of the sesquiterpene cyclase enzyme activity from elicitor-treated tobacco cell suspension cultures is shown in Table I . Typically, the homogenate from 2 kg of cells was filtered through Miracloth, then centrifuged at 13,000g. Cyclase activity was never found in association with the 13,000 or 100,000g pellets. A 35 to 60% ammonium sulfate cut of the 1 3,000g supernatant resulted in a 1.4-fold purification of the cyclase but also in a substantial loss (35%) of total activity. Cyclase activity in the redissolved ammonium sulfate precipitate was not stable and was completely lost within 48 h. Hence, the redissolved precipitate was immediately subjected to hydrophobic interaction, ion exchange, hydroxylapatite, and chromatofocusing chromatography without interruption. The elution profiles of the sesquiterpene cyclase activity from the last three chromatography steps are presented in Figure 1 .
Although the final recovery ofthe cyclase activity was rather low, 4% of the starting activity, the loss of cyclase activity at the last step, chromatofocusing, appeared disproportionately so relative to the previous steps. The loss of activity at this step was due to the concentration and buffer exchange by ultrafiltration which was required before proceeding to chromatofocusing. Other methods of concentration, such as lyophilization or ammonium sulfate precipitation, resulted in even greater losses of enzyme activity at this step. Irrespective of the specific activity of the starting material, ranging from 10 to 19 nmol/h.mg protein, the final specific activities ranged between 2400 and 2700 nmol/h.mg protein, and represent a 126-to 270-fold purification. The purity of the final fraction, as well as the contribution of the individual purification steps, was also assessed by SDS-PAGE (Fig. 2) . The final preparation consisted oftwo dominant polypeptides (lanes 5-10) and 4 to 5 minor polypeptides, which were more visible if the hydroxylapatite column was omitted (lanes 9, 10).
A list of the biochemical properties determined for the purified enzyme is presented in Table II The apparent molecular mass of a partially purified preparation estimated by molecular sieve chromatography was 44 kD, and 61.5 and 63.5 kD for the major polypeptides of a purified preparation resolved by SDS-PAGE. These results suggested that the enzyme was functionally active as a monomer. The disparity in the molecular mass determinations could be due to either a rod configuration of the native enzyme protein or a binding of the enzyme to the Sephadex resin. Although the cyclase protein eluted from the chromatofocusing column as a rather broad single peak at a pH of 4.5 to 4.7, two activity peaks were clearly resolved on IEF gels at pHs of 4.6 and 4.9 (data not shown).
Sesquiterpene Cyclase Antibodies
Polyclonal mouse antibodies (pcAB) raised against the purified cyclase polypeptides inhibited the cyclase activity in an in vitro assay (Fig. 3) . Preimmune serum had only a marginal effect on the cyclase activity, while 5 ,uL of serum from an immunized animal inhibited the activity of 0.5 jig of the purified cyclase protein greater than 90%. To further test the specificity of the cyclase pcABs, the comigration of immunodetectable polypeptides and cyclase enzyme activity on native polyacrylamide gels was determined (Fig. 4) . The pcABs detected four protein bands, two dominant and two of much lower intensity. Sesquiterpene cyclase activity was associated with the corresponding regions of the gel and the activity was proportional to the intensity of the immunostaining. The pattern ofthe proteins from crude extracts recognized by the pcABs in crude extracts was identical to that obtained with the purified cyclase polypeptides. This result suggested that the multiple bands could indeed represent forms of the cyclase polypeptide present within the cell.
To discriminate between different molecular forms of the cyclase enzyme and/or contaminating polypeptides detected by the cyclase pcABs, mABs were developed. Spleen cells from a mouse producing a relatively high titer of anticyclase antibody were used for the hybridoma fusions. Of 360 hybridoma cell lines tested, four tested positive by dot immunoblot assays and were designated mAB-SC 1 to mAB-SC4. Screening the mABs for inhibition of cyclase enzyme activity was not possible, because both HAT medium and ascites fluid alone contained substances which interfered with the enzyme assay. 
Comparison of the Tobacco Sesquiterpene Cyclase to Other Terpene Cyclases
The combination ofhydrophobic interaction, ion exchange, hydroxylapatite, and chromatofocusing chromatography used in the purification of the sesquiterpene cyclase from elicitortreated tobacco cell suspension cultures does not represent a significant departure from the protocols used for purifying sesquiterpene or diterpene cyclases from other sources (7, 18, 19, 24) . The sesquiterpene cyclase from tobacco possessed many ofthe same biochemical properties (mol wt, magnesium requirement, pH optimum, Km, [see Table II ]) found for the other sesquiterpene cyclases isolated from plants (13) and fungi (7, 18, 19) . The primary difference was that two to four molecular forms of active polypeptides were identified. The most conclusive evidence for this was the comigration of the cyclase enzyme activity and the mAB reactive polypeptides on native polyacrylamide gels. Whether these molecular forms represent distinct cyclase enzymes, enzymes which catalyze distinct steps of the cyclase reaction (35) , or processed forms of a single polypeptide cannot be discerned from our current results. A determination and characterization of the cyclase gene number and expression will be necessary to distinguish between these possibilities.
The induction of terpene cyclase enzyme activities has previously been described for a number of plants. Croteau et al. (12) recently reported that the accumulation of mono-and diterpenes by lodgepole pine saplings infected with Ceratocystis clavigera was correlated with an induction of mono-and diterpene cyclases. Similarly, the induction of casbene synthetase, a diterpene cyclase, has been correlated with the accumulation of the diterpene phytoalexin casbene by castor bean seedlings infected with Rhizopus stolonifer (14) . Moesta and West (24) have further demonstrated that the increase in casbene synthetase enzyme activity was preceded by a transient induction ofthe casbene synthetase mRNA translational activity, and they suggested that casbene synthetase was under transcriptional control. By analogy, we suspect that the induction ofthe sesquiterpene cyclase in elicitor-treated tobacco cell cultures is similarly regulated.
